Purpose To examine patterns of retinal pigment epithelial autofluorescence and lipofuscin accumulation in relation to drusen and to explore the pathogenesis of drusen in rhesus monkeys. Methods The macular areas of six rhesus monkeys, euthanized at 19 to 28 years of age, were studied by bright field and fluorescence light microscopy and transmission electron microscopy. Results There was strong autofluorescence in the retinal epithelium that tended to diminish over drusen. Electron microscopy revealed that all retinal epithelial cells had large concentrations of lipofuscin bodies. 
Introduction
Aging of the retina is accompanied by a progressive increase in lipofuscin autofluorescence within the retinal pigment epithelium. It is also frequently accompanied by the appearance of drusen, extracellular deposits between the retinal pigment epithelium and Bruch's membrane that are the hallmark of early age-related macular degeneration. However, somewhat paradoxically, non-invasive imaging of the human retina has revealed a loss of autofluorescence over drusen [3, G Staurenghi, personal communication] . While studying the autofluorescence of sections of retina of elderly rhesus monkeys, we have observed a reduction of fluorescence in the epithelium overlying drusen. This paper demonstrates this phenomenon and provides ultrastructural evidence for why there is such a loss of autofluorescence. The results are relevant to a better understanding of the pathogenesis of drusen and age-related drusenoid maculopathy in non-human primates.
Materials and methods
Six aged rhesus monkeys (Macaca mulatta) with moderately severe drusenoid maculopathy [6] were euthanized as part of the experimental design of a large-scale study, and eyes were made available to examine the histology of the retina. The monkeys included three females, ages 19, 20, and 26 years, and three males, ages 23, 25, and 27 years. Five had been fed an approximately ad libitum diet, and one (the 20-year-old female) had been on a 30% calorically restricted diet for 3 years. These monkeys were part of a National Institute on Aging protocol studying the effects of calorie restriction on several indices of aging. They were housed at the National Institutes of Health facility in Poolesville, Maryland until 2001, when they were transferred to the Oregon National Primate Research Center in Beaverton, Oregon [11] . The ages of the monkeys in the Fig. 1 a Bright field image of a druse in the macular area of a 28-year-old male monkey: os, is, and onl indicate outer segments, inner segments and outer nuclear layer respectively. b Fluorescent image shows less fluorescence in the epithelium at the dome of the druse (arrow). There is also weaker fluorescence of the inner segments of the photoreceptors, especially cones, and in the choroid present study are representative of an adult/old subgroup as the average lifespan for this species is 25 years. All monkeys were fed the same specially formulated diet enriched with extra vitamins and minerals; the control group was fed two meals a day of approximately ad libitum amounts, while the calorie restricted group receive the same diet but at amounts about 30% less compared to levels provided to monkeys of equivalent age and body weight.
The eyes were enucleated within a few minutes after death and fixed by immersion in 3% glutaraldehyde or 4% paraformaldehyde in phosphate buffered saline; the globes were pierced to facilitate diffusion of the fixative into the vitreal cavity. After storage for several weeks in fixative, the eyes were washed in buffer and dissected with the aid of a surgical microscope. The anterior segment was removed and stored in buffer solution. The posterior segment was dissected into segments including the macula, the paramacula on both nasal and temporal sides of the macula, the perimacula, the superior retina, the inferior retina and the optic nerve head. In the current experiments, only the macula area was examined. The macula was identified by the retinal vascular pattern and a dark foveal zone. Its nasal border was formed by the edge of the optic nerve head. The macula was considered to have a diameter of about 6 mm centered at the fovea; it was cut into 2-3×5-6 mm rectangular segments, which were postfixed in 1% osmium tetroxide for 1 h, dehydrated and embedded in epon. The macula area was sectioned serially through each druse that was identified. Unstained sections were first examined by light and then fluorescence microscopy. The excitation light for fluorescence was obtained from a mercury arc lamp using 480±20 and a 545±15 nm excitation with barrier filters of 535±25 and 620±30 nm. After fluorescence imaging, the sections were stained by toluidine blue and re-examined by light microscopy. At selected drusen, ultra-thin sections were cut, post-stained with uranyl acetate and lead citrate and examined by electron microscopy (Zeiss EM 10C/CR). Negatives obtained by photography from the electron microscope were digitized by a Microtek 5 scanner and transferred to a computer where they were examined at different magnifications. More than 60 drusen were examined serially by light microscopy and at least 25 of these by electron microscopy. Almost all of these were also examined by electron microscopy but only a few semi-serially. fluorescence in the inner segments of the photoreceptors and spotty fluorescence in the choroid. The fluorescence in the retinal epithelium over the dome is weaker (center arrow) than it is on the slopes of the druse and in the epithelium adjacent to the druse (arrow on right). Figure 2 displays the autofluorescence of the retinal epithelium at and around four additional drusen. In each case the retinal epithelium at or near the dome of the druse has lost all or much autofluorescence (arrows), while the epithelial layer adjacent to the drusen exhibits strong autofluorescence. This pattern was seen in most of the drusen examined, using excitation wavelengths at either 480 or 545 nm. In extremely small drusen, only a few microns in diameter, this loss of fluorescence was less apparent. Light microscopy of such drusen often revealed areas where one or two epithelial cells at or near the dome of a druse were less pigmented than their neighbors or those epithelial cells not displaced by drusen (Fig. 3, arrow) , suggesting that both lipofuscin and melanin have been lost. Electron microscopy was much more informative for revealing the cytoplasmic changes occurring at the basal surface of these epithelial cells. Electron microscopy of all retinal epithelial cells not associated with drusen, or those associated with extremely small, incipient drusen, contained many lipofuscin bodies (Fig. 4) . Most of the lipofuscin was concentrated at the apical side and around the nucleus of each cell. The basal cytoplasm contained large numbers of mitochondria, but lipofuscin bodies also reached this location (Fig. 4c,d ). There was less infolding of the basal membrane of the epithelium than is usually seen in younger monkeys but this is not illustrated. In Fig. 4c,d , several very small drusen (arrows) are visible but were smaller than a single epithelial cell and therefore difficult to detect clinically. Figure 5 provides an electron microscopic view of the basal surface of a retinal epithelial cell where multiple "budding" segments of cytoplasm were seen, usually surrounded by a basement membrane but separated from the parent epithelial cell. The largest segment of cytoplasm contains three lipofuscin bodies (arrow). Similar lipofuscin bodies were in the basal cytoplasm of the cells within the intact epithelial layer. The other smaller seg- Fig. 10 Another druse in this same retina as Fig. 9 . a An oval structure with cytoplasmic-like material in the druse but further away from the intact epithelial layer than the similar structure in Fig. 9 ; the epithelial layer is labeled RPE; an endothelial cell of the choriocapillaris is labeled (E). b A magnified view of the cytoplasmic-like structure revealing an absence of any basal lamina. The small process labeled with an asterisk is thought to be a macrophage process; it also lacks a basal lamina. The calibration (lower right) indicates 0.7 µm for A and 0.3 µm for B Fig. 11 a Retinal epithelial cells at the dome of a druse (d) from the macula of a 28-year-old female monkey. The epithelial cells, especially the smaller one on the right, have less cytoplasm and lipofuscin. One cell is pyknotic (thick arrow) and is separating from the epithelial layer which is extremely attenuated at this point (arrows). A magnified view (b) shows a lipofuscin body (arrow) that appears to be is crossing the basal membrane and entering the druse. A small segment of cytoplasmic-like material (asterisk) is present in this drusen. The calibration (lower right) indicates 0.5 µm ments of cytoplasm also had a surrounding basal lamina; these segments contained ribosomes and smooth endoplasmic reticulum but no lipofuscin bodies. Only microns away, a part of a macrophage-like cell (ma) is visible within Bruch's membrane. Figure 6 shows a similar example of a segment of cytoplasm budding from its parent epithelial cell body; this segment contained several lipofuscin bodies (L). The segment was also encompassed by plasma membrane and a basal lamina. There were smaller neighboring segments of cytoplasm surrounded by a membrane and basal lamina. Again there were processes of macrophage-like cells (white arrows) only a few microns away in Bruch's membrane. Figure 7 shows a large elongated segment of cytoplasm, separated from the epithelial layer and surrounded by a plasma membrane and basal lamina. A magnified view (B) reveals many large lipofuscin bodies (L). Here a large process of a macrophage-like cell was seen about a micron away from the lipofuscin-containing segment. The cytoplasmic structure of this cell is typical of an active macrophage with rough endoplasmic reticulum, numerous lysosomal structures that are smaller and more variegated than the lipofuscin bodies of the epithelium and absence of any basal lamina. Normally cells are not found in this region of Bruch's membrane. Figure 8 shows a large isolated segment of epithelial cytoplasm with a surrounding plasma membrane and a basal lamina. It contained not only lipofuscin bodies but also a segment of a pyknotic looking nucleus. There are several other separate segments of epithelial cytoplasm with membranes and lipofuscin bodies. Again a macrophage-like cell was just adjacent to these segments of cytoplasm. The previous figures depicted how lipofuscin bodies can end up in isolated segments of epithelial cytoplasm that have budded away from the parent cell body and appear to be forming drusen. These cytoplasmic segments are in close proximity to macrophage-like cells in Bruch's membrane, which could be responsible for the degradation of these abnormal cytoplasmic structures. Figure 9 shows what seems to be a mature druse containing an ovular structure (D) with cytoplasmic-like material and a lipofuscin body (L). Magnified views of this structure (B and C) reveal that it is membrane bound but has a basal lamina (arrows) only on the side closer to the intact epithelial layer. Figure 10 shows another such druse that is more granular, perhaps more mature, but also contains an ovular structure with cytoplasmic-like debris. A magnified view (B) of this structure reveals that it is membrane bound but this entire membrane has no basal lamina (arrows). The presence or absence of a basal lamina in these structures containing cytoplasmic debris within drusen may reflect their age. Figure 11 shows a portion of the epithelial layer over a large granular druse (d). These cells were located at the dome of the druse, the light microscopic view of which has been illustrated in Fig. 3 of our previous paper [6] . These epithelial cells appear atrophic and smaller than the other epithelial cells, especially the one that appears to be migrating away from the epithelial layer. The width of this epithelial layer becomes extremely thin at this point (arrows). A magnified view (B) shows a lipofuscin body (arrow) on the membrane of an epithelial cell as if it is about to be incorporated into the druse. There is also a small structure (asterisk) that seems to be a cytoplasmic remnant of an epithelial cell; it also lacks a basal lamina. Figure 12 shows another example of thinning of the width of the epithelial layer over the dome of a druse (arrows in B). The neighboring epithelial layer either without drusen or with very small drusen is much thicker (A). The results may be relevant to how drusen evolve. The idea that some, perhaps all, of the material that fills drusen comes from the degradation of segments of cytoplasm that "bud" off from the basal surface of retinal epithelial cells was suggested by earlier investigators [4, 5, 8, 12] , especially Spencer [13] , and demonstrated by Burns and Feeney-Burns [2] . The best demonstration of budding was shown by Ishibashi et al. [9] in monkey retina. The budding hypothesis can explain why epithelial cells over drusen become less fluorescent. This explanation also requires that the relatively insoluble lipofuscin bodies extruded into drusen are dissolved or degraded, because many drusen do not have lipofuscin bodies. The presence of macrophage-like cells in Bruch's membrane in close proximity to the cytoplasmic segments containing lipofuscin could be the mechanism responsible for the removal of these very insoluble bodies [10] . This implies a strong inflammatory attack by such macrophages, which are able to essentially remove all traces of these structures from drusen. Genetic studies of agerelated macular degeneration [1] support the involvement of an inflammatory process in the formation of drusen, the hallmark pathological structure linked to this disease.
The idea that all the material that accumulates in drusen is derived from budding is not proven by our studies. It is possible that there are other sources for the material that accumulates within drusen, such as the deposition of complement or other inflammation-evoked proteins or aberrant lipoprotein secretion by RPE as well as from the systemic circulation.
Our results support the hypothesis proposed by Hageman et al. [7] that there may be an evolution in the formation of drusen from early ones that contain cellular material and dendritic cells to a later acellular stage in which cellular organelles and dendritic cells are absent. We have used the term macrophage-like cells but they also could be dendritic cells. Immunohistochemistry will be needed to clarify this distinction. Another factor that may provide a clue to the maturity of a drusen may be reflected by the disappearance of a basal lamina around segments of basal cytoplasm that appear to be extruded into drusen.
What is interesting is how similar the pathogenesis of drusen is in both human and monkey retina, implying that it is the same disease. The only difference we find in our samples is that the processes of the macrophage-like cells found adjacent to cellular drusen never extended into the drusen but remained a few microns away in Bruch's membrane. If the budding process represents an early stage in drusen formation, it is important to understand why it occurs. The basal side of the retinal epithelium characteristically forms multiple infoldings, presumably to increase the surface area available for transport, which undoubtedly requires energy derived from the many mitochondria in this region. We have noticed a reduction of basal infoldings in elderly monkeys. The budding of these large segments of cytoplasm may be an errant attempt by the basal surface of these cells to form infoldings, perhaps due to oxidative damage [14] . Understanding this process will require sophisticated techniques in cell and molecular biology but may offer the best way to understand the age-related pathogenesis of this disease. Based on the current findings, we conclude that the rhesus monkey offers an excellent model of the pathogenesis of the disease.
